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Reorganization energyAbstract The ground state structures of 5,500-diperﬂuorophenyl-2,20:50,200:500,2000-quaterthiophene
(1), 5,50-bis{1-[4-(thien-2-yl)perﬂuorophenyl]}-2,20-dithiophene (2), 4,40-bis[5-(2,20-dithiophenyl)]-
perﬂuorobiphenyl (3), 5,500-diperﬂuorophenyl-2,20:50,200-tertthiophene (4), 5,50-diperﬂuorophenyl-
2,20-dihiophene (5), and 5,5-diperﬂuorophenylthiophene (6) have been optimized at the B3LYP/
6-31G(d), B3LYP/6-31G(d,p), PBE0/6-31G(d), and PBE0/6-31G(d,p) level of theories. The
B3LYP/6-31+G(d) and PBE0/6-31+G(d) level of theories have been applied to investigate the
absorption spectra. The PBE0 functional is good to predict the C–S bond lengths while the C–F
bond lengths are good envisaged with B3LYP functional. The increment of thiophene rings between
two perﬂuoroarene rings leads to red shift in absorption spectra. The electron afﬁnities are energet-
ically destabilized while energetic stabilization of the radical-cation increases by decreasing the thi-
ophene rings from four to one. The perﬂuoroarene rings leads to enhance the electron injection.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
Open access under CC BY-NC-ND license.1. Introduction
The organic semiconductors are of current interest to many
scientists due to their effective charge transport behavior,
which can be widely utilized for creating low-cost, portable
electronic and optoelectronic devices, including solar cells,
organic light emitting diodes (OLEDs), and organic ﬁeld-effect
transistors (OFETs) (Coropceanu et al., 2007; Anthony, 2006;
Bendikov et al., 2004; Katz et al., 2000; Yu et al., 1995;Sirringhaus et al., 1998). A demanding objective for the contin-
ued advancement in the ﬁeld of organic electronics is the devel-
opment of n-type (electron-transporting) conjugated oligomers
(Newman et al., 2004; Facchetti et al., 2005). Recently, it has
been systematically determined that some oligothiophenes
incorporated with electron-withdrawing groups lower the
LUMO energy levels and produce n-type OFETs (Cai et al.,
2006; Ie et al., 2007, 2008).
Ando et al. (2005) and Kojima et al. (2007) have reported
that several S-containing oligomers for n-type OFET. The
majority of organic semiconductors give only unipolar FET
characteristics, and few organic semiconductors have been
found to exhibit ambipolar characteristics (Meijer et al.,
2003). Moreover, to the best of our knowledge, very few
organic semiconductors exhibit balanced hole and electron
transport characteristics (Tang et al., 2008, 2009; Noro et al.,
2008). Ambipolar materials are strongly desirable for logic
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complementary circuits like inverters without advanced pat-
terning techniques to deposit p- and n-channel materials sepa-
rately. Moreover, ambipolar materials work for both positive
and negative voltages, which simplify the circuit design. An
ideal ambipolar material is expected to give balanced perfor-
mance in both negative and positive voltage regimes; therefore,
it is strongly desired that the ambipolar materials could
have balanced n- and p-channel performance. Yoon et al.
(2006) synthesized perﬂuoroarene–thiophene oligomers (5,500-
diperﬂuorophenyl-2,20:50,200:500,2000-quarter- thiophene (1), 5,50-
bis{1-[4-(thien-2-yl)perﬂuorophenyl]}-2,20-dithiophene (2), 4,
40-bis[5-(2,20-dithiophenyl)]-perﬂuorobiphenyl (3), 5,500-diper-
ﬂuorophenyl-2,20:50,200-tert- thiophene (4), 5,50-diperﬂuorophe-
nyl-2,20-dihiophene (5), and 5,5-diperﬂuoro-phenylthiophene
(6)), see Fig. 1. Our aim is to investigate the electronic, charge
transfer properties as well as structure–property relationship of
1–6.
2. Computational details
All the calculations have been carried out with the G09
package (Frisch et al., 2009). The density function theory
(DFT) has been found to be reasonably accurate for calculat-
ing the chemical and structural properties of species, such as
organic semiconductors and conventional inorganic semicon-
ductors (Fabiano et al., 2005; Tsai et al., 2005; Cao et al.,
2005; Hutchison et al., 2003, 2005a,b; Salzner et al., 1998,
2001; Delley, 2000; Ye et al., 1989). The ground state geome-
tries of neutral, cationic, and anionic states were fully opti-
mized using the DFT. The structures were optimized by
using B3LYP (Becke, 1993; Lee et al., 1988; Vosko et al.,
1980; Stephens et al., 1994) and PBE1PBE (generally denoted
as PBE0) (Perdew et al., 1996, 1997; Adamo and Barone, 1999)
functionals with 6-31G(d) and 6-31G(d,p) basis sets. The rad-
ical cations and anions were treated as open-shell systems and
were computed by using spin-unrestricted DFT wave func-Figure 1 The optimized structures of chemical sytions. The absorption spectra have been calculated by time
dependent density functional theory (TD-DFT) using PBE0
and B3LYP functionals by adopting 6-31+G(d) basis set.
The vertical and adiabatic ionization potentials, vertical and
adiabatic electron afﬁnities and reorganization energies have
been computed at the B3LYP/6-31G(d,p) level of theory
(Irfan et al., 2011).
3. Result and discussion
3.1. Geometries and electronic structure
We have reported geometrical parameters of 1 (see Fig. 2) in
Table 1 where both optimized and experimental results
(Yoon et al., 2006) have been tabulated for comparison. The
computed geometrical parameters at 6-31G(d) basis set were
analogous with 6-31G(d,p) basis set. The computed geometries
with PBE0 functional are in good agreement with crystal struc-
ture geometries. It has been recognized to provide reliable pre-
dictions and interpretations of the molecular geometries,
electronic properties for sulfur compounds (Prpe‘te et al.,
2006; Tang and Zhang, 2010; Jacquemin and Perpe‘te, 2006).
Moreover, calculated C–F bond lengths with B3LYP func-
tional are in good agreement with experimental values. Thus
we have applied both the methods for further studies. Gener-
ally B3LYP overestimates the C–S bond lengths, i.e. 0.018–
0.022 A˚ compared to experimental data while PBE0 is in good
agreement with the experimental values with the maximum dif-
ference of 0.006 A˚. On other hand PBE0 underestimates C–F
bond lengths, i.e., 0.013–0.018 A˚ while B3LYP functional
reproduce experimental data well with the maximum differ-
ence 0.007 A˚. The B3LYP and PBE0 functionals overestimate
C1–C2 bond length 0.009 and 0.005 A˚, C2–C3, C5–C6 and
C7–C8 0.011 and 0.007 A˚, respectively. The B3LYP and
PBE0 functionals overestimates C13–C14 bond length 0.018
and 0.014 A˚, respectively. The B3LYP and PBE0 functionals
overestimates C26–C27 bond length 0.026 and 0.022 A˚, respec-stems 1–6 at B3LYP/6-31G(d) level of theory.
Figure 2 The labeling of 5,500-diperﬂuorophenyl-2,20:50,200:500,2000-quaterthiophene (1).
576 A. Irfan, A.G. Al-Sehemitively. The B3LYP and PBE0 functionals underestimates C6–
C7 and C19–C20 bond lengths 0.005 and 0.008 A˚ while C21–
C22 underestimated 0.008 and 0.012 A˚, respectively.
The distribution patterns of highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) of studied systems in the S0 states have been shown
in Fig. 3. It can be seen that HOMOs are delocalized on thio-
phene rings and LUMOs are localized on thiophene units as
well. It has been perceived that HOMO and LUMO are also
partially localized on perﬂuoroarene rings. The distribution
of HOMO and LUMO on perﬂuoroarene diminished as the
number of thiophene units increases between two perﬂuoroa-
rene rings. Moreover, the majority of the molecular orbital
density in both the HOMO and LUMO resides on the C–C
backbone. Contribution from the sulfur atoms has been found
predominantly in the LUMO. The energies of HOMOs,
LUMOs and HOMO–LUMO energy gap (DEgap) of the inves-
tigated systems 1–6 have been listed in Table 2. The trend of
the HOMO energy (EHOMO) is 1> 2> 4> 3> 5> 6 while
HOMO-LUMO energy gap (DEgap) is 6> 5> 3> 4>
2> 1. Moreover, the probed systems have lower LUMO
energy compared to a,a0-bis(dithieno[3,2-b:20,30-d]thiophene)
(BDT) which is good material used in organic semiconductors
(1.91 eV and 1.80 eV at B3LYP/6-31G(d,p) and PBE0//6-
31G(d,p) level of theories, respectively (Irfan et al., 2011)). It
leads to better electron transport materials which is in good
agreement with Cai et al. (2006) and Ie et al. (2007, 2008). It
was reported that oligothiophenes integrated with electron-
withdrawing groups as n-type OFETs (Cai et al., 2006; Ie
et al., 2007, 2008).
3.2. Absorption spectra
The calculated absorption spectra of the studied systems 1–6 at
TD-PBE0/6-31+G(d)//PBE0/6-31G(d,p) and TD-B3LYP/6-
31+G(d)//B3LYP/6-31G(d,p) level of theories have been pre-
sented in Table 3. The PBE0 underestimates the absorption
spectra especially for 3, 4 and 5, i.e., 26 nm, 29 nm and
29 nm, respectively while absorption spectra at B3LYP is in
good agreement with experimental data (Yoon et al.,
2006).20 The computed absorption spectra decreases in the fol-
lowing order 1> 2> 4> 3> 5> 6 which is in good agree-
ment with the experimental trend 1> 2> 4> 3> 5. It has
been observed that by increasing the thiophene rings between
two perﬂuoroarene rings leads to red shift, see Table 3. Oneimportant feature has been examined that two perﬂuoroarene
rings close to each other retreat the absorption spectra toward
blue shift. The absorption spectra for 2 is 473 nm where two
perﬂuoroarene rings are separated with two thiophene rings
while in 1 four thiophene rings between two perﬂuoroarene
rings leads to 503 nm. It can be seen that in the investigated
system 1–6, the assignments for absorption are HOMO to
LUMO having strong oscillator strength (f). The same trend
has been found for the absorption spectra at the PBE0/6-
31+G(d) level of theory.
3.3. Charge transfer properties
In Table 4, vertical and adiabatic ionization potentials and
electron afﬁnities have been listed. It has been observed that
when there are four thiophene rings along with two perﬂuoro-
arene rings (1–3) the energetic stabilization of the radical-cat-
ion increases as the perﬂuoroarene units are moved toward
the center of the oligomeric structure. By eliminating the thio-
phene rings (4–6), the energetic stabilization of the radical-cat-
ion increases. However, the electron afﬁnities are most
energetically stabilized when the perﬂuoroarenes are on the
peripheral (see 1–3). Moreover, removal of thiophene rings
from four (1) to one (6) the electron afﬁnities are energetically
destabilized. The injection barrier is often estimated as the
energetic difference between the ionization potential [electron
afﬁnity] and the Fermi energy of the source electrode
(Au = 5.2 eV) (Kittel, 1996; Burin and Ratner, 2004). The cal-
culated vertical ionization potentials indicated that hole injec-
tion barrier for the perﬂuoroarene compounds is following
1< 2< 3< 4< 5< 6. The vertical electron afﬁnity of
BDT is 0.64 eV (Irfan et al., 2011), the introduction of perﬂu-
oroarne units would lead to be superior electron transport
materials than BDT. The electron injection of the perﬂuoroa-
rene compounds would be as 1P 2> 4> 3> 5> 6.
The reorganization energy includes the molecular geometry
modiﬁcations when an electron is added or removed from a
molecule (inner reorganization) as well as the modiﬁcations
in the surrounding medium due to polarization effects
(outer reorganization). Here, we focus inner reorganization
energy, which reﬂects the geometric changes in the molecules
when going from the neutral to the ionized state and vice
versa.
The internal reorganization energy (k) is further divided
into two parts: k1 and k2, where k1 corresponds to the geome-
Table 1 Selected optimized bond lengths in angstrom (A˚) and bond angles (degree) of 1.
Method B3LYPa B3LYPb PBE0c PBE0d Expe
Bond lengths
C1–C2 1.383 1.382 1.379 1.379 1.374
C2–C3 1.413 1.413 1.409 1.409 1.402
C3–C4 1.382 1.382 1.378 1.378 1.371
C4–C5 1.446 1.446 1.444 1.444 1.449
C5–C6 1.382 1.382 1.379 1.379 1.372
C6–C7 1.411 1.411 1.408 1.408 1.416
C7–C8 1.385 1.385 1.381 1.381 1.374
C8–C9 1.463 1.463 1.459 1.459 1.471
C9–C10 1.411 1.411 1.405 1.405 1.393
C10–C11 1.390 1.390 1.387 1.387 1.381
C11–C12 1.392 1.392 1.388 1.388 1.385
C13–C14 1.391 1.391 1.387 1.387 1.373
C15–C16 1.383 1.383 1.379 1.379 1.374
C16–C17 1.413 1.413 1.409 1.409 1.402
C18–C19 1.382 1.382 1.379 1.379 1.371
C19–C20 1.411 1.411 1.408 1.408 1.416
C20–C21 1.385 1.385 1.381 1.381 1.374
C21–C22 1.463 1.463 1.459 1.459 1.471
C22–C23 1.411 1.411 1.405 1.405 1.393
C23–C24 1.390 1.390 1.387 1.387 1.381
C24–C25 1.392 1.392 1.389 1.389 1.384
C25–C26 1.391 1.391 1.388 1.388 1.373
C26–C27 1.391 1.391 1.387 1.387 1.365
C1–S1 1.756 1.756 1.739 1.739 1.738
C4–S1 1.755 1.755 1.739 1.739 1.733
C5–S2 1.747 1.747 1.731 1.731 1.727
C8–S2 1.761 1.761 1.743 1.743 1.741
C15–S3 1.756 1.756 1.739 1.739 1.737
C18–S4 1.747 1.747 1.731 1.731 1.727
C21–S4 1.761 1.761 1.743 1.743 1.741
C14–F1 1.345 1.345 1.335 1.335 1.351
C13–F2 1.337 1.337 1.328 1.328 1.345
C12–F3 1.335 1.335 1.326 1.326 1.339
C11–F4 1.337 1.337 1.329 1.329 1.339
C10–F5 1.344 1.344 1.334 1.334 1.352
C27–F6 1.344 1.345 1.335 1.335 1.351
C26–F7 1.337 1.337 1.328 1.328 1.344
C25–F8 1.335 1.335 1.326 1.326 1.339
C24–F9 1.337 1.337 1.329 1.329 1.340
C23–F10 1.445 1.445 1.334 1.334 1.352
Bond angles
C1–S1–C4 92.13 92.11 92.35 92.35 92.12
C5–S2–C8 92.27 92.24 92.47 92.47 92.54
C18–S4–C21 92.27 92.24 92.47 92.47 92.52
C9–C8–S2 122.17 122.2 122.09 122.09 122.32
C22–C21–S4 122.17 122.2 122.09 122.09 122.32
C9–C14–F1 120.08 120.08 120.1 120.1 118.91
C9–C10–F5 120.77 120.77 120.77 120.77 120.92
C22–C27–F6 120.08 120.08 120.1 120.1 118.91
C22–C23–F10 120.77 120.77 120.77 120.77 120.92
a B3LYP/6-31G(d).
b B3LYP/6-31G(d,p).
c PBE1PBE/6-31G(d).
d PBE1PBE/6-31G(d,p).
e Experimental data from Yoon et al. (2006).
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charged state, and k2 corresponds to the geometry relaxation
energy from charged state to neutral one (Gruhn et al., 2002;
Reimers, 2001)k ¼ k1 þ k2 ð1Þ
In the evaluation of k, the two terms were computed directly
from the adiabatic potential energy surfaces (Bre´das et al.,
2004; Coropceanu et al., 2006).
Figure 3 The HOMO (H) and LUMO (L) distribution pattern of 1–6.
Table 2 The HOMO energy (EHOMO), LUMO energy (ELUMO) and HOMO–LUMO energy gap (DEgap) in eV of 1–6.
Systems PBE0/6-31G(d) PBE0/6-31G(d,p)
EHOMO ELUMO DEgap EHOMO ELUMO DEgap
1 5.71 2.59 3.12 5.44 2.27 3.17
2 5.82 2.58 3.24 5.56 2.30 3.26
3 6.00 2.46 3.54 5.75 2.16 3.59
4 5.91 2.59 3.32 5.61 2.25 3.36
5 6.22 2.53 3.69 5.89 2.17 3.72
6 6.74 2.42 4.32 6.34 2.02 4.32
B3LYP/6-31G(d) B3LYP/6-31G(d,p)
1 5.53 2.79 2.74 5.20 2.41 2.79
2 5.65 2.75 2.90 5.32 2.41 2.91
3 5.81 2.64 3.17 5.49 2.27 3.22
4 5.74 2.81 2.93 5.37 2.40 2.97
5 6.04 2.77 3.27 5.62 2.33 3.28
6 6.58 2.66 3.92 6.10 2.18 3.92
578 A. Irfan, A.G. Al-Sehemik ¼ k1 þ k2 ¼ ½Eð1ÞðXþÞ  Eð0ÞðXþÞ þ ½Eð1ÞðXÞ  Eð0ÞðXÞ ð2Þ
Here, E(0)(X), E(0)(X+) are the ground-state energies of the
neutral and charged states, E(1)(X) is the energy of the neutral
molecule at the optimized charged geometry and E(1)(X+) isthe energy of the charged state at the geometry of the opti-
mized neutral molecule.
The hole and electron reorganization energies of 1–6 were
computed and listed in Table 4. The hole reorganization ener-
gies (k(h)) of 2 and 3 are 0.236 eV and 0.209 eV while electron
Table 3 Calculated absorption (ka) wavelengths (nm) of 1–6.
Systems PBE0/6-31+G(d)//PBE0/6-31G(d,p) B3LYP/6-31+G(d)//B3LYP/6-31G(d,p) Expa
Assignments f ka Assignments f ka
1 Hﬁ L 1.84 471 Hﬁ L 1.82 503 485
2 Hﬁ L 2.26 448 Hﬁ L 2.22 473 458
3 Hﬁ L 2.00 408 Hﬁ L 1.82 435 434
4 Hﬁ L 1.64 436 Hﬁ L 1.62 464 465
5 Hﬁ L 1.29 387 Hﬁ L 1.29 411 416
6 Hﬁ L 0.97 324 Hﬁ L 0.97 338 –
f=Oscillator strength.
a Exp = The experimental absorption wavelengths (ka) from Yoon et al. (2006).
Table 4 The vertical, adiabatic ionization potentials, vertical,
adiabatic electronic afﬁnities and reorganization energies of 1–6
(in eV) at the B3LYP/6-31G(d,p) level.
Complexes IPa EAa IPv EAv k (h) k (e)
1 6.11 1.55 6.29 1.36 0.320 0.343
2 6.27 1.48 6.39 1.36 0.236 0.245
3 6.38 1.35 6.50 1.22 0.209 0.234
4 6.40 1.43 6.56 1.26 0.288 0.318
5 6.78 1.24 6.94 1.06 0.304 0.347
6 7.39 0.94 7.58 0.73 0.356 0.410
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respectively which divulged that these would be hole transfer
materials which is in good agreement with experimental evi-
dence (Yoon et al., 2006). More precisely it can be expected
that k(h) and k(e) values are very close to each other for com-
pounds 2 and 3 therefore these compounds might be equally
good hole and electron transporters. The computed vertical
and adiabatic ionization potentials, vertical and adiabatic elec-
tronic afﬁnities and reorganization energies of 1–3 are in good
agreement with Koh et al. (2008). The calculated hole reorga-
nization energy of electron transfer material (OSnPc) is
0.067 eV which is signiﬁcantly smaller than its electron reorga-
nization energy (0.22 eV) (Cai et al., 2009). This result indi-
cates that the reorganization energy (k) is not a major
contributing factor in determining the nature of the molecular
semiconductor.
4. Conclusions
The systems 1–6 have been optimized at the B3LYP/6-31G(d),
B3LYP/6-31G(d,p), PBE0/6-31G(d), and PBE0/6-31G(d,p)
level of theories. The increments of thiophene units between
two perﬂuoroarene rings augment the absorption spectra
toward longer wavelength. By decreasing the thiophene rings
from four to one, the energetic stabilization of the radical-cat-
ion increases while electron afﬁnities are energetically destabi-
lized. The electron injection barrier would be minimized by
introducing the perﬂuoroarene rings. The designed systems
would be better electron transport materials than BDT.
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